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: back stress and Orowan theory. [1, 2] During forward plastic deformation, moving dislocations interact with different obstacles (e.g., other dislocations, grain boundaries, and precipitates), preventing their further propagation. This generates a back stress around the contact point resisting further progress of dislocations. During reverse deformation, this back stress repels the dislocations from the obstacles in the opposite direction, namely in the direction of reverse strain. Thus, the stress field helps to move the dislocations in the direction of reverse strain and the reverse yield stress drops by the level of the back stress. Material with a larger number of dislocations (rolled below the recrystallization stop temperature) and obstacles (precipitates) will show a larger yield drop after reverse cold deformation due to the presence of a larger number density of dislocation-obstacle interaction sites.
Experimental investigations have shown that, in microalloyed steels, the Bauschinger effect does not depend on grain size, [3] but depends on steel chemistry [4] [5] [6] [7] and phase balance. [8] Recent research has shown a Bauschinger effect dependence on microalloying element particles [9] and dislocation structure: [10] with an increase in particle volume fraction and dislocation density, the yield stress drop in the direction of reverse strain increases. To predict the strength change, in practice, one needs a quantitative model of dislocation-particle interaction influence on the yield stress. This is discussed in the present article.
II. MATERIALS
For the investigation, two microalloyed steels with a banded ferrite-pearlite microstructure in as-rolled and annealed conditions were used. Annealing at 400°C and 550°C for 30 minutes was applied to modify the dislocation structure and microalloying element particle distributions, without affecting the grain size and the second-phase content. Original steel plates of 10-mm thickness were provided by Corus plc (Table I) . Optical microscopy of the as-rolled steel plates has shown the grain size to be 2.0 to 3.0 lm in both studied steels and the second-phase content to decrease from 9.5 pct in the C-Nb to 4.6 pct in the C-Nb-V steel, due to decreasing carbon content in steel composition. [9, 10] III. EXPERIMENTAL TECHNIQUES Thermodynamic modeling of the steel microstructures was carried out using version L of Thermo-Calc (Royal Institute of Technology, Stockholm, Sweden) with the bulk alloy composition as an input. Equilibrium phase balances within the temperature range 600 to 1600 K were calculated along with phase compositions.
Scanning electron microscopy (SEM) was carried out using a JEOL* JSM-7000F field emission gun-scanning electron microscope. Nb-and Nb-Ti-rich precipitates were imaged from four regions, ferrite and pearlite, subsurface, and midthickness, and characterized in terms of size, morphology, and area fraction. For the determination of the particle size distributions and area fraction in the C-Nb steel, 630 particles from 15,585 lm 2 and in the C-Nb-V steel 1064 particles from a total area of 10,780 lm 2 were imaged. Transmission electron microscopy was carried out on PHILIPS**-CM20 (LaB 6 ) and PHILIPS Tecnai F20 (field emission gun) transmission electron microscopes. (Nb,Ti,V,Cu)-rich particles in the C-Nb-V steel were imaged from two regions, plate midthickness and subsurface. For the determination of the particle size distributions and volume fraction 1387 particles from 7.03 lm 2 in C-Nb-V as-rolled steel and 688 particles from 3.35 lm 2 in the C-Nb-V annealed steel were imaged. Foil thickness was determined using a convergent beam diffraction technique. [11] Precipitate compositions were determined using energy dispersive X-ray spectroscopy (EDS) point analysis in the JEOL-7000F scanning electron microscope (Inca Oxford energy dispersive X-ray spectroscope), PHILIPS-CM20 transmission electron microscope (Link Oxford energy dispersive X-ray spectroscope), and PHILIPS Tecnai F20 (ISIS Oxford). For the Ti-, Nb-, V-, and Cu-rich precipitate chemical composition investigation 54 particles in the C-Nb and 65 particles in the C-Nb-V steel were used.
Dislocation substructures were studied using PHI-LIPS-CM20 and PHILIPS Tecnai F20 transmission electron microscopes. For the dislocation density determination, 20 representative regions were imaged in each of the as-rolled and annealed C-Nb and C-Nb-V steels from the plate midthickness position. The midthickness position was selected to correlate dislocation density with mechanical property data obtained from the compression-tension samples.
Compression-tension testing was carried out on an ESH 250 kN servo-hydraulic twin column low speed ramp universal testing machine. For the stress-strain curve determination, four cylindrical specimens of 4.5-mm diameter and 13-mm gage length were cut in the transverse orientation to the rolling direction from the C-Nb and C-Nb-V as-rolled and annealed steel plates.
IV. RESULTS

A. Precipitates of Microalloying Elements
1. SEM study SEM EDS of the precipitated particles in both steels revealed these to be Nb rich and Nb-Ti rich, which corresponds to Thermo-Calc predictions ( Figure 2 ). Because it was not possible to separate Nb and Nb-Ti particle distributions, their average diameter, area fraction, and number density were calculated together. For the number of particles measured in this work, the area fraction can be considered equal to the volume fraction and compared with the Thermo-Calc theoretical prediction. Measurements were carried out separately for ferrite (predominantly ferrite grains) and pearlite (predominantly pearlite colonies) regions. Because a ferrite region band is approximately 2 times broader than a pearlite region band, average plate subsurface and midthickness values of precipitate characteristics were calculated as follows: Analysis of the obtained results (Table II) shows the volume fraction in the pearlite region to be larger than that in the ferrite region due to microsegregation, which is consistent with previous research. [12] Average particle diameter, volume fraction, and number density in the C-Nb steel increase toward the midthickness of the plates, which corresponds to the Nb macrosegregation behavior observed in microalloyed steels. [13] However, in the C-Nb-V steel, no significant difference in average particle diameter and volume fraction was observed between the subsurface and midthickness, and the number density decreases toward the plate midthickness. Particle volume fraction increases with the increase in microalloying element content, as was predicted by Thermo-Calc. The smaller Nb-rich particle diameter observed in the C-Nb-V steel can be explained by the processing variable differences, namely lower finish roll temperature for the C-Nb-V steel (735°C) than for the C-Nb steel (745°C), leading to a higher dislocation density and more strain-induced precipitation. The measured value for the particle volume fraction in the C-Nb-V steel is significantly lower than predicted by Thermo-Calc, because SEM measurements do not take into account many fine V-Cu-rich precipitates. These were studied with transmission electron microscopy (TEM).
2. TEM study TEM investigation was carried out for both C-Nb and C-Nb-V steels in as-rolled and annealed conditions. Annealing at 400°C and 550°C for 30 minutes with further air cooling was carried out to modify the dislocation structure and particle distributions. However, this heat-treatment schedule did not influence the particle distributions in the C-Nb steel (Figure 3) , which corresponds to the reported stability in ferrite [14] and Thermo-Calc predicted stability of NbC below 680°C. In the C-Nb-V steel, particle growth and precipitation of new small particles was observed as a result of annealing ( Figure 4 ). TEM EDS study of the particles smaller than 50 nm in the C-Nb-V steel revealed these to be (Ti,Nb,V) rich, mainly at the plate subsurface, and Cu rich, mainly at the plate midthickness ( Figure 5 ). Because it was difficult to separate particle distributions for different chemistries, particle parameters were calculated together (Table III) . In the as-rolled C-Nb-V steel, the particle diameter decrease and number density increase toward midthickness can be explained by the particle chemistry difference: as Cu-rich particles precipitate at lower temperatures than Nb-V-rich ones, these have less time for growth. An increased particle number density at the midthickness may also be expected due to strain-induced precipitation, [15] [16] [17] as the dislocation density at the midthickness was observed to be 3.3 times higher than that at the subsurface. At the midthickness position, the Cu-rich particle diameter increases with annealing due to particle growth ( Figure 6 ). The particle number density increase at 400°C and decrease at 550°C can be explained by precipitation of new Cu-rich particles during the first stages of annealing followed by the particle growth via absorption of smaller ones. The particle number density increase and the average diameter decrease at the subsurface position can be related to the new Cu-rich particles that precipitate. This corresponds to reported time-dependent Cu-rich particle behavior during annealing at 450 to 500°C. [18, 19] B. Dislocation Density Thin foil TEM imaging of both steels in as-rolled and annealed conditions revealed an irregular dislocation structure with uniform dislocation density (Figure 7 ). Regular straight line structure, clusters, net arrangements, and start-up of cell walls were also observed in some grains. Due to the lower finish rolling temperature, the dislocation density in the C-Nb-V steel was higher than in the C-Nb steel (Table IV) . Annealing leads to a dislocation density decrease due to annihilation. Absolute values of the dislocation density are in good agreement with the reported data for hot-rolled low carbon steels [20, 21] and TMCR-processed X80 steel. [22] C. Mechanical Properties
Mechanical properties of both steels were studied in the as-rolled and annealed conditions, during forward and reverse loading (Figure 8 ). The C-Nb-V steel showed higher macrohardness and compression yield stress than the C-Nb steel, due to the larger secondphase content, dislocation density, and precipitate number density (Table V) . However, an 8.3 pct increase in hardness and 1.5 pct increase in the yield stress from the C-Nb as-rolled to the C-Nb-V as-rolled steel appear to be inconsistent with 45 times particle number density and 1.7 times dislocation density increase. This could be explained if small coherent (Cu,V)-rich particles, in the diameter range below 50 nm, did not pin the dislocations strongly enough to increase the yield stress.
In the C-Nb steel, the yield stress and hardness decreased after annealing, but not to any major extent. In the C-Nb steel, where particle number density is relatively low and dislocation-dislocation interaction is the main source of work hardening, obviously, not all the dislocations interact with obstacles and grain refinement is the major strengthening mechanism. However, the annealing schedule was chosen not to affect the grain size.
In the C-Nb-V steel, hardness decreased and the yield stress slightly increased after annealing. Obviously, in this steel, two concurrent processes occur during annealing: dislocation annihilation (leading to the number of dislocation-obstacle interaction sites decreasing) and (Cu,V)-rich particle growth and precipitation of new Cu-rich particles (leading to the number of dislocation-obstacle interaction sites increasing). An increase in the yield stress can be qualitatively related to the 2.2 times increase in the particle number density from the C-Nb-V as rolled to the C-Nb-V annealed at 400°C (Table V) . However, annealing at 550°C resulted in the particle number density decreasing, by 2.7 times compared to the asrolled condition, and the yield stress increasing, by 12 MPa. This can be attributed to unequal particle ability for pinning of dislocations. Obviously, with particle growth due to an increase in annealing temperature, the number of particles that effectively block the dislocations increases, although the total particle number density decreases.
The yield stress change during deformation in the reverse direction was assessed using the Bauschinger stress parameter [23] (Figures 8 and 9 ):
where r p is the maximum prestress in the forward direction and r r is the yield stress in the reverse direction taken at the point where the stress-strain curve deviates from the elastic deformation straight line (approximately 0.1 pct strain). The Bauschinger stress parameter increases as a result of the dislocation density increasing (1) with an increase in forward prestrain, (2) with an increase in initial work hardening (compare the C-Nb and C-Nb-V steels in as-rolled condition), and (3) from the annealed to as-rolled condition (compare the C-Nb steel annealed at 550°C and as rolled and the C-Nb-V steel annealed at 400°C and as-rolled conditions);and as a result of the particle number density increasing with an increase in microalloying element content (compare the C-Nb and C-Nb-V steels in as-rolled condition).
Qualitatively, this corresponds to the back stress and Orowan theories of the Bauschinger effect, [1, 2] according to which an increase in the number density of dislocation-obstacle interaction sites results in the back stress increasing leading to the yield stress drop in the reverse direction increasing.
However,
(1) a qualitative decrease in particle number density, from the C-Nb-V steel annealed at 400°C to annealed at 550°C, led to the Bauschinger stress parameter increase, at approximately the same level of dislocation density; (2) a quantitative increase in the Bauschinger stress parameter of 4 to 8 pct from the C-Nb-V annealed at 550°C to the C-Nb-V as-rolled is inconsistent with 2.7 times increase in particle number density and 2.7 times increase in dislocation density; and (3) a quantitative increase in the Bauschinger stress parameter of 7 to 9 pct from the C-Nb as-rolled to the C-Nb-V as-rolled steel is inconsistent with 45 times increase in particle number density and 1.7 times increase in dislocation density.
These factors are discussed in Section V.
V. DISCUSSION
In order to determine why the trends in the Bauschinger stress parameter with respect to dislocation density and particle number density changes were not always as expected, a more detailed study of the dislocation-particle interaction was carried out. TEM image analysis of 45 dislocation-particle interaction sites in the C-Nb and C-Nb-V steels showed the following.
(1) Dislocation loops around particles were not observed, which supports a cutting interaction mechanism. (2) Particles larger than 50 nm, which were mainly NbTiV rich, effectively block dislocations; i.e., during slip, the dislocations bow around this particles prior to cutting (Figure 10(a) ). However, due to a low number density and a large interparticle spacing, their precipitation strengthening effect is low. (3) Particles smaller than 12 nm, which were mainly Cu rich, do not effectively block dislocations; i.e., during slip, the dislocations cut these particles without prior bowing around them (Figure 10(b) ). (4) Particles in the 12-to 50-nm size range were observed to pin dislocations; i.e., dislocation bowing around these particles occurred (Figure 10(c) ). In the 12-to 50-nm size range, the particle number density increases and the average interparticle spacing decreases with an increase in microalloying element content. Annealing of the C-Nb-V steel resulted in the 12-to 50-nm particle number density increasing and the interparticle spacing decreasing, which is due to precipitation of new Cu-rich particles (Table VI) .
With respect to the mechanical properties, the following aspects should be noted.
(1) ''Large'' particles, larger than 50-nm NbTiV rich in the studied steels, do not contribute significantly to the precipitation strengthening effect, because their number density is many times lower than that of the smaller than 50-nm particles. (2) ''Small'' particles, smaller than 12-nm Cu rich in the studied steels, do not contribute significantly to the precipitation strengthening effect, because they do not block dislocations strongly. However, as particle strength varies with particle chemistry, the effective particle diameter range can be expected to be dependent on particle chemistry. (3) The number of dislocation-particle interactions will depend on the ''dislocation length-interparticle spacing'' ratio. Short dislocations may pass between widely set particles without little interaction.
Correlating the results of the microstructural investigation (Tables IV and VI ) and the mechanical property study (Figure 9 ) for the same material conditions, it is possible to obtain a quantitative dependence of the Bauschinger stress parameter on dislocation density and particle number density within the effective particle size range of 12 to 50 nm ( Figure 11 ). Quantitative contribution of the dislocation density to the reverse yield stress drop is observed to be approximately 4.6 times higher than the particle number density contribution, i.e., a 2.7 times increase in the dislocation density brings about the same Bauschinger stress parameter increase as 12.5 times increase in the particle number density.
VI. CONCLUSIONS
In the present work, two steels, Nb-and Nb-V-microalloyed, in the as-rolled and annealed conditions have been characterized in terms of their dislocation densities and precipitate number densities. These parameters have been quantitatively related to the Bauschinger stress parameter determined by compression-tension testing. The main conclusions are as follows.
1. Dislocation density has been measured in the range of (1 to 4) 9 10 14 m À2 , which corresponds to the earlier observed data for bcc structures. 2. Cu-rich particles smaller than 12 nm do not block dislocations effectively and can be disregarded as sources of precipitation strengthening. 3. Cu-rich particles in the range of 12 to 50 nm block dislocations effectively and are the major sources of precipitation strengthening. 4. Nb-Ti-rich particles larger than 50 nm block dislocations effectively; however, their influence on precipitation strengthening via dislocation-particle interaction is insignificant due to their low number density and large interparticle spacing.
5. For the studied steel grades (average grain size 2.5 to 3.0 lm, 12 to 50 nm particle number, density 70 to 900 lm À3 , and dislocation density 1 9 10 14 to 4 9 10 14 m À2 ), the Bauschinger effect during reverse deformation was quantified by a dependence on particle number density, dislocation density, and forward prestrain (within 0.3 to 4.9 pct prestrain range). Quantitative contribution of the dislocation density to the Bauschinger effect was observed to be approximately 4.6 times higher than the particle number density contribution. Fig. 11 -The Bauschinger stress parameter dependence on dislocation density and particle number density for 1.0, 2.8, and 4.7 pct forward prestrain.
